The development and numerical values of the new absolute phase center correction model for GPS receiver and satellite antennas, as adopted by the International GNSS (global navigation satellite systems) Service, are presented. Fixing absolute receiver antenna phase center corrections to robot-based calibrations, the GeoForschungsZentrum Potsdam (GFZ) and the Technische Universität München (TUM) reprocessed more than 10 years of GPS data in order to generate a consistent set of nadir-dependent phase center variations (PCVs) and offsets in the z-direction pointing toward the Earth for all GPS satellites in orbit during that period. The agreement between the two solutions esti- mated by independent software packages is better than 1 mm for the PCVs and about 4 cm for the z-offsets. In addition, the long time series facilitates the study of correlations of the satellite antenna corrections with several other parameters such as the global terrestrial scale or the orientation of the orbital planes with respect to the Sun. Finally, completely reprocessed GPS solutions using different phase center correction models demonstrate the benefits from switching from relative to absolute antenna phase center corrections. For example, tropospheric zenith delay biases between GPS and very long baseline interferometry (VLBI), as well as the drift of the terrestrial scale, are reduced and the GPS orbit consistency is improved.
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Introduction
Starting on 30 June 1996, relative GPS antenna phase center corrections had been applied by most of the Analysis Centers (ACs) of the International GNSS (global navigation satellite systems) Service (IGS; Dow et al., 2005) in order to allow for a non-spherical phase response of the tracking antennas. These corrections comprised mean offsets of the electrical antenna phase center compared to the physical antenna reference point, as well as phase center variations (PCVs) as a function of the elevation angle.
The correction values could be derived from GPS data collected over a short baseline with the reference antenna AOAD/M_T (Allen Osborne Associates Dorne Margolin T) at one end of the baseline and the antenna to be calibrated on the other end (Mader, 1999) . Corrections from relative calibrations had been used until 5 November 2006 (Gendt, 2006) despite the arbitrary assumption that the PCVs of the reference antenna were zero and other limitations of the procedure, resulting in systematic errors (Schmid et al., 2005a) .
By the transition to absolute receiver antenna phase center corrections in November 2006 these problems could be avoided. Corrections that do not depend on a reference antenna can be obtained from two completely independent approaches. Former calibrations in anechoic chambers (e.g. Schupler et al., 1994) were verified by field measurements over a short baseline using a robot capable of tilting and rotating one of the antennas (Menge et al., 1998) . Although the results were in good agreement (Rothacher, 2001 ), they were not immediately adopted for general use, as their application was found to give a global GPS frame differing from very long baseline interferometry (VLBI) and satellite laser ranging (SLR) in scale by about 15 ppb (e.g. Springer, 2000a) .
It was suggested by several people (e.g. Springer, 2000b , Rothacher, 2001 ) that the neglect of the behavior of the transmitting antennas on-board the GPS satellites might explain the failure of the absolute phase center corrections for the tracking antennas attached to GPS receivers on the ground. Within the IGS, one standard offset of the phase center with respect to the center of mass per satellite block was used at that time (Kouba, 2003) .
Nadir-or azimuth-dependent PCVs were completely ignored, although the antenna assembly of 12 helical elements on GPS satellites indicates non-perfectly hemispherical signal wavefronts (Czopek and Shollenberger, 1993) . Since the effort of Mader and Czopek (2002) to calibrate a spare Block IIA antenna on the ground did not result in adequate accuracy, the satellite antenna characteristics had to be determined from the GPS data together with other geodetic parameters usually set up in global solutions.
However, this problem is singular due to very high correlations between station heights, tropospheric parameters and the offsets and PCVs of the tracking and the transmitting antennas (Springer, 2000b) . A solution is only possible if the terrestrial scale is fixed by adopting a set of fiducial coordinates for the tracking network and if absolute receiver antenna phase center corrections are taken from external calibration measurements. Schmid and Rothacher (2003) demonstrated the possibility to estimate nadir-dependent PCVs for the satellite antennas by adopting the International Terrestrial Reference Frame 2000 (ITRF2000) scale (Altamimi et al., 2002) and absolute robot calibrations for the tracking antennas. Also, the existence of azimuth-dependent PCVs could be verified (Schmid et al., 2005b) . As the ionosphere-free linear combination LC had to be formed in order to eliminate the ionospheric refraction, their satellite antenna corrections referred to LC.
Whereas the latter work was limited to phase center corrections for the three different satellite blocks (Block I, II/IIA, IIR), Ge and Gendt (2005a) pointed out that it was not sufficient to use block-specific correction values. Due to significant differences between individual satellites, mainly in the offset in the z-direction pointing toward the Earth, satellite-specific corrections are necessary. However, time series for satellite-specific offsets from the reprocessing of global GPS networks (Ge et al., 2005b , Steigenberger et al., 2006 showed trends and long-periodic signals caused by inconsistencies in the scale definition and the orbit modeling. Therefore, long time series are essential in order to get the best possible mean phase center corrections for all satellites available.
In order to fulfil the recommendation from the 2004 IGS Workshop and Symposium in Bern, Switzerland, to assemble a consistent set of absolute phase center corrections to allow for a test phase amongst the ACs (Schmid et al., 2005a) , the Technische Universität München (TUM) and the IGS AC located at the GeoForschungsZentrum Potsdam (GFZ) decided to reprocess tracking data since the official start of the IGS in 1994, and to combine the results from two independent software packages using different strategies.
At the same time, the Jet Propulsion Laboratory (JPL) succeeded in deriving PCV maps from post-fit tracking data residuals of the antennas on-board the Jason-1 and GRACE (Gravity Recovery and Climate Experiment) satellites for both the carrier-phase and code pseudorange data types (Haines et al., 2004) . Those maps are two-dimensional (depending on nadir and azimuth angle), but are only available for the GPS satellites active since 2002.
A transition from relative to absolute antenna phase center corrections implies several positive aspects. As the modeling of one of the various elevation-dependent effects is improved, GPS results are less dependent on the selected elevation cut-off angle (Schmid et al., 2005b) . Furthermore, any correlated parameter should benefit. For example, Schmid et al. (2005b) demonstrated a significant reduction of tropospheric zenith delay biases between GPS and VLBI, and Ge et al. (2005b) illustrated the stabilization of the global terrestrial scale.
At the same time as absolute phase center corrections were adopted, the IGS began to consider the effect of radomes that protect receiver antennas from environmental impacts. Although it is well known that the impact of radomes on the phase center position can amount to several cm (e.g. Braun et al., 1997) , it was more or less ignored up to November 2006 (Schmid et al., 2005a) .
In particular, ignoring radomes has a dramatic effect on vectors between co-located techniques, the so-called local ties Altamimi, 2005, Ray et al., 2007) . However, these vectors are the crucial links for the combination of the different space-geodetic techniques. Since calibrations for several combinations of antenna and radome in use are missing, and since some combinations are not even 'calibratable', this problem will persist.
This paper describes the compilation of the consistent absolute antenna correction file for the IGS test phase. After a short introduction to the receiver antenna corrections, different satellite blocks and software packages used (Sect. 2), we present several problems and specialties in connection with long time series of satellite antenna offsets (Sect. 3).
In Sect. 4, the satellite antenna PCV results from GFZ and TUM are compared, yielding block-specific correction curves. These values serve as the basis for the determination of satellite-specific z-offsets that have to be referenced to a given epoch due to considerable trends in the time series (Sect. 5). Finally, we demonstrate how the estimation of troposphere and orbit parameters, station coordinates and the terrestrial scale benefit from the new phase center models (Sect. 6).
Input data, software packages and strategy

Receiver antenna PCVs
The receiver antenna phase center information that was fixed for the work presented here is identical to the corrections contained in the file igs05_1365.atx (available at ftp://igscb.jpl.nasa.gov/igscb/ station/general/pcv_proposed/) except for several radome calibrations (see below). As well as the satellite antenna information, this file contains absolute calibration values for 154 different receiver antenna types in total. These comprise 106 antennas without a radome and 48 combinations of an antenna with one particular radome. Among the 106 different antenna types, there are only 32 that possess robot calibration results including both zenithal and azimuthal PCVs (Menge et al., 1998) . However, these 32 antennas include most of the types dominating the IGS tracking network.
In order to generate a complete set of phase center corrections for tracking antennas, the robot calibrations had to be complemented by results from relative field calibrations (Mader, 1999) . The latter had to be converted to absolute corrections by adding the difference between the absolute and the relative values for the reference antenna AOAD/M_T (Menge, 2003) . Equations (1) and (2) give the conversion formulae for the phase center offset (PCO) and the PCVs, respectively. The relative PCVs for the reference antenna are omitted from Eq. (2), as they are assumed to be zero.
As the relative field calibrations are limited to elevation angles above 10 • due to the error budget of lowelevation observations, naturally the converted PCVs also only extend down to 10 • . In contrast, robot PCVs are measured down to 0 • elevation.
It has to be noted that the calibrations for antenna/ radome combinations were not added to the file igs05_wwww.atx (wwww: GPS week of the last file modification) until major parts of the work presented here had been finished. In the case of a radome mounted at a site, the calibration for the antenna without the radome was used. This had also been the convention within the IGS for many years (Ray and Altamimi, 2005) .
However, it may be expected that the consideration of radome calibrations will have minor influence on satellite antenna corrections. As Sect. 4 and 5 will show, the GFZ and TUM estimates agree very well although the tracking networks are different, and thus include different antenna/radome combinations.
Satellite blocks
According to the Navstar GPS Joint Program Office (2004), the space segment of the GPS system consists of six different satellite blocks (cf. Table 2 . For the remaining satellite blocks, the official designations are used. Finally, it has to be noted that the antenna panels on-board the Block II and IIA satellites are supposed to be identical, just like the panels on-board Block IIR-B and IIR-M.
Estimation strategies
The reanalysis performed at GFZ to derive the antenna phase center models is based on the GFZ activities in the framework of the IGS TIGA (TIde GAuge benchmark monitoring) project (Schöne, 2004) . From the global network of more than 300 stations handled and cleaned within the TIGA reprocessing (Zhang et al., 2005) , about 100 well distributed stations were used. TUM reprocessed a global GPS network in cooperation with Dresden University of Technology (DUT; Steigenberger et al. 2006) . Due to the high correlation between satellite antenna PCVs and PCOs, raw PCVs were estimated that correspond to the following sum:
The raw PCVs were finally converted into minimum PCVs and a z-offset forcing the PCV curves to be as flat as possible (Ge and Gendt, 2005a) . More details on the modeling and processing are given in Table 3 .
3 Estimation of satellite antenna phase center corrections 3.1 Attitude-related systematic effects
Horizontal satellite antenna offsets are sometimes highly correlated with the orbital elements. For example, depending on the position of the Sun with respect to the orbital plane, a small change of the horizontal PCO can easily be compensated by a change of the center of mass in the opposite direction. Therefore, the accuracy of the estimated horizontal offsets depends on the behavior of the attitude control of the GPS satellites, whereas the attitude control system is influenced by the orientation of the orbital planes with respect to the Sun. Figure 1 shows the geometry of the Earth-fixed system, the orbit system and the satellite system (accompanying tripod of the satellite position). The elevation β 0 of the Sun above the orbital plane is given by
with the right ascension α and the declination δ of the Sun as well as the inclination i and the right ascension of the ascending node Ω of the GPS satellite. According to Montenbruck and Gill (2000) , the precession of the ascending nodeΩ of a satellite (assuming a circular orbit: e = 0) is given bẏ
with the orbital period T, the semi-major axis a, the inclination i, the radius of the Earth R e and the oblateness J 2 . Inserting the corresponding values of the GPS satellites gives a rate ofΩ GPS = −14.1 • /year. This means that the annual period in β 0 caused by the periodic terms of the right ascension and declination Recently improved strategy resolving 97% of all ambiguities in the global network (Ge et al., 2005c) Ambiguities resolved in a baseline-by-baseline mode; strategy depending on the baseline length (Steigenberger et al., 2006) 
Station coordinates
Fixed to the reference frame IGb00 (Ferland, 2003) No-net-rotation and no-net-scale condition for the IGb00 stations; thus, scale fixed to IGb00 Orbits 24-h orbital arcs; initial orbit positions and velocities, five radiation pressure parameters of the model described by Beutler et al. (1994) and pseudo-stochastic pulses at 12 UT for each satellite estimated 24-h orbital arcs; six orbital elements, five radiation pressure parameters of the model described by Beutler et al. (1994) and pseudo-stochastic pulses at 12 UT for each satellite estimated Earth rotation
Daily pole and length of day parameters Set up at 2-h intervals; pole coordinates estimated freely except for blocking of retrograde diurnal terms (Hefty et al., 2000) ; the first UT1-UTC parameter constrained to its a priori value (IERS Bulletin A; Luzum et al., 2001) Niell (1996) mapping functions; zenith delays at 4-h intervals and gradients in north-south and east-west direction at 12-h intervals estimated as piece-wise constant offsets using the hydrostatic Niell (1996) mapping function A priori hydrostatic delay modeled with the Saastamoinen (1973) model and the standard atmosphere described by Berg (1948) with a reference pressure of 1013.25 hPa at the ellipsoidal reference height of 0 m; mapped to the zenith with the hydrostatic isobaric Niell (2000) mapping function computed from NCEP (National Centers for Environmental Prediction) z200 data (height of the 200 hPa pressure level; Saha et al. 2006) ; zenith delays at 2-h intervals and gradients in north-south and east-west direction at 24-h intervals estimated as continuous piece-wise linear functions using the wet Niell (1996) 
The elevation of the Sun for all GPS satellite orbits for the year 2003 is displayed in Fig. 2 . The satellites in orbital plane B show the largest variations; those on plane E the smallest. The formal errors of the estimated horizontal offsets versus the elevation of the Sun β 0 are plotted in Fig. 3 . The formal errors show a similar behavior: the largest formal errors occur for orbital plane B; the smallest for orbital plane E. In addition, the formal errors of the satellites with large β 0 -angles are larger for the y-offsets than for the x-offsets. These effects can be explained by the behavior of the GPS attitude control system.
The GPS attitude control system has two major tasks: (1) the transmitting antenna has to be pointed toward the center of the Earth (nadir direction) and (2) the vector perpendicular to the solar panels has to be pointed toward the Sun. For Block I and Block II/IIA satellites, there is a third condition: the angle α between the Sun and the satellite's z-axis (see Fig. 1 ) has to be between 0 • and 180 • . Block IIR satellites do not have that limitation anymore, thus the angle α may vary between 0 • and 360 • (Springer, 2000a , Hugentobler et al. 2003 . The compliance with these conditions is permanently controlled by Sun and Earth sensors and adjusted by the attitude control system. During periods with the angle between the alongtrack direction and the satellite's x-or y-axis close to 0 • or 180 • , the decorrelation of the horizontal satellite antenna offsets and the along-track direction is a severe problem. This situation can occur during periods where the elevation of the Sun above the orbital plane is large. The angles γ x between the x-axis and the along-track direction and γ y between the y-axis and the along-track direction for one satellite with small (SVN 54, orbit plane E) and one satellite with large (SVN 30, orbit plane B) variations of the β 0 -angle are shown in Fig. 4 .
Only in the case of a large β 0 -angle, an angle γ y close to 0 • or 180 • occurs over longer periods of time; γ x behaves differently. This geometry-related effect explains the larger formal errors of the y-offsets estimated during periods with large β 0 -angles visible in Fig. 3b , whereas the maximum of the formal errors of the x-offsets is smaller (Fig. 3a) .
Also, during eclipse seasons (angle α below about 14 • , see Fig. 1 ), systematic effects arise when the solar panels cannot be oriented toward the Sun. To stabilize the satellite's attitude, the satellite starts to rotate with a rate of up to 0.12 • /s (Bar-Sever, 1995) around its z-axis. As the y-offsets are close to zero, they are only slightly biased by this unmodeled rotation.
In contrast, the x-offsets of the Block I and Block II/IIA satellites (official IGS x-offsets of 21.0 and 27.9 cm, respectively; Rothacher and Mader, 2003) suffer heavily from this systematic effect, as one can see in Fig. 5 . The mean x-offset for SVN 37 (Fig. 5) , including the eclipse seasons, is 29.7 cm. The corresponding offset without the eclipse seasons is 32.7 cm. Including data from eclipse seasons causes a systematic underestimation of the x-offsets (e.g., 3.0 cm for SVN 37). Therefore, these periods should be excluded when determining mean offsets. 
Correlations with orbit parameters
Besides the eclipse seasons, further periodic signals are present in the horizontal offset time series of all GPS satellites (independent of the block type) as well as in the z-offsets. The spectra of the offset time series for SVN 37 are shown in Fig. 6 . The peaks in these spectra are related to the orientation of the orbital plane with respect to the Sun. Due to the precession of the ascending nodeΩ (see Eq. 5) the time-period T R between the same orientation of the orbital planes with respect to the Sun is shorter than one year:
Even after one sixth of this period, the constellation of the six orbital planes has approximately the same orientation, though the individual orbital planes differ. The main period of T R = 351.5 days and its integer fractions T R /n, n = 2, . . . , 6 are clearly visible in the spectra of the horizontal offsets in Fig. 6 .
For the z-offsets, the peaks are not as sharp as for the horizontal offsets, but most periods are also present in the vertical offset spectrum (Fig. 6 ). The amplitudes of the different periods vary from satellite to satellite. The amplitude of this signal also depends on the maximum value of the β 0 -angle.
Correlation with the global terrestrial scale
As already mentioned in Sect. 1, there is a high correlation between the satellite antenna phase center z-offset and the scale of the terrestrial reference frame, i.e. the station heights. According to Zhu et al. (2003) , a change in the z-offset by ∆z for all satellites will result in a station height change ∆r of
i.e., a change of ∆z = 10 cm will change ∆r by −5 mm. Thus, the estimation of satellite antenna phase center corrections is only possible, if the terrestrial scale is fixed. However, this means that the scale from GPS remains doubtful as long as PCOs and PCVs are not available from independent calibration techniques. The GFZ and TUM estimates show a significant trend in the z-offset time series (mean values of −2.2 and −2.5 cm/year, respectively; cf. Figs. 10 and 11 later). This trend is caused by errors in the vertical rates of the reference frame realization IGb00 (0.8 mm/year; Ray et al., 2004) . For the combined solution, the trend has been corrected for (see Sect. 5.2).
In addition to the effects described above, other signals seem to be present in the offset time series whose origin is not yet known. Due to all these systematic effects, short (below 1 year) time series are not adequate to determine mean PCOs. Averaging over long (multi-year) time series and excluding certain time periods (e.g., eclipses) helps to mitigate these effects.
Satellite antenna phase center variations
As shown in Eq. (3), there is a high correlation between nadir-dependent PCVs and the PCO in z-direction. Furthermore, azimuth-dependent PCVs that are not considered here are highly correlated with the x-and y-offset (Schmid et al., 2005b) . As long as the values for the PCO and its variations are used in a consistent manner, the partitioning of the overall phase center correction into PCO and PCVs is arbitrary.
We decided to define the satellite antenna PCO such that the PCVs are minimized over the whole range of the nadir angle. Another possibility would be to minimize the PCVs for nadir angles above about 10 • , where most of the observations are made, in order to keep the error as small as possible for those ignoring the PCVs.
In addition, it had to be decided whether block-or satellite-specific values should be determined for the phase center corrections. It turned out that the daily and weekly estimates for the PCVs of one specific satellite (see Fig. 7 ) as well as the mean PCVs for each satellite of one specific satellite block (see Fig. 8 ) agree almost perfectly if satellite-specific z-offsets are allowed for in each 1-day solution.
It has to be noted that these daily z-offset estimates may differ considerably from day to day (see Fig. 10 ). In order to reduce the number of model parameters, the satellite-specific PCVs were averaged (unweighted) in order to get block-specific ones, while keeping the satellite-specific PCOs. Due to the relationship between PCVs and the PCO (Eq. 3), it would also be possible to define block-specific z-offsets and to shift all the phase center differences between individual satellites to satellite-specific PCVs. However, many more parameters would then have to be determined.
In a first step, mean PCVs were computed for each individual satellite by GFZ and TUM from all data available (SVN 43 is shown in Fig. 7 as an example). Afterwards, both institutions separately averaged (unweighted) those values for each individual satellite block (Block IIR-A and IIR-B are shown in Fig. 8 ). In the case of GFZ, the mean standard deviations for one single PCV value from this averaging are 0.7 mm for Block I, II/IIA and IIR-A and 0.3 mm for Block IIR-B.
These figures, as well as the graphs for the latter two blocks shown in Fig. 8 , indicate that the modernized antenna panels on-board the latest satellites (cf. Sect. 2.2) are of high quality as they show the smallest variations between individual satellites. Furthermore, the comparatively large PCV values for Block IIR-B make it clear that satellite antenna PCVs have to be taken into account for high-precision applications.
Finally, the block-specific PCVs from GFZ and TUM were averaged to get the final result given in Fig. 9 and Table 4 . The error bars displayed in Fig. 9 characterize the difference between the two independent solutions from different software packages. The mean differences are 0.6 mm for Block I, 0.3 mm for Block II/IIA, 1.1 mm for Block IIR-A and 0.2 mm for Block IIR-B.
Except for several values of Block IIR-A and the peak at 1 • of Block I, the agreement is rather excellent. The mean block-specific PCV values were finally fixed when reprocessing the complete GPS data once again, in order to derive best possible satellite-specific z-offsets (see Sect. 5). It should be pointed out that all satellite antenna parameters, PCVs and PCOs, refer to the ionosphere-free linear combination LC, as it was not possible to estimate separate corrections for L1 and L2.
Satellite antenna phase center offsets
Phase center x-and y-offsets
Although Sect. 3 contains several aspects concerning the satellite antenna offsets in the x-and y-directions, they are not considered in detail here. On the one hand, the deviations from the nominal values did not appear to be significant in most cases, and on the other hand, it would only make sense to take them into account if azimuth-dependent PCVs were also considered. The only satellite that could be identified to have a horizontal offset differing considerably from the nominal value was SVN 23, which has a problem with its solar panels (Hugentobler et al., 2003) .
5.2 Trend in the z-offsets and the scale of the reference frame Figure 10 shows, as an example, the z-offset time series for GFZ and TUM with respect to the corresponding mean PCVs. One can see a trend in the offset amounting to about 20 cm after 10 years and a seasonal fluctuation. The reason for the seasonal pattern is not fully clear. Major candidates are local multipath or unmodeled loading effects, which may amount to several mm in the station heights, unmodeled effects in the satellite orbital models, and deficiencies of the troposphere mapping functions (cf. Boehm et al., 2006) . However, the influence of those effects on the PCO can be removed (reduced) by taking an average over a longer (multiyear) time interval. There are no significant changes in the PCOs depending on the PCV model used. The mean z-offset trend over all satellites is −22.0 ± 0.1 and −24.8 ± 0.2 mm/year for GFZ and TUM, respectively, if the scale is fixed to IGb00. This trend of about 2 cm/year can be explained by the reported error in the mean vertical velocity of IGb00 of 0.8 mm/year (Ray et al., 2004) . The scale drift of 0.15 ppb/year between GPS reprocessed results using absolute phase center information and IGb00 (see Table 8 ) would also roughly correspond to 1 mm/year in the station heights and hence to roughly 2 cm/year in the z-offset (cf. Eq. 8). In another TUM solution, where a reference frame realization of our own was used, no significant z-offset trend (−1 mm/year only) could be detected.
For comparing the GFZ and TUM results and for forming mean values from different solutions, the significant trend, caused by the scale rate in the IGS realization of ITRF2000, has to be corrected for. By referencing all the individual satellite z-offsets to a given epoch (2000.0), no scale change in the reference frame, especially if it depends on the changing satellite constellation, should be obtained anymore. A general constant bias may still exist, but for various applications, like sea level monitoring, a scale trend is much more troublesome.
Determination of satellite-specific z-offsets
To get better insight into the behavior and the reliability of the derived satellite antenna phase center z-offsets, daily estimated values are used instead of stacking the −2 ± 3 1 ± 2 2 ± 4 GFZ mean GFZ GFZ −13 ± 11 1 ± 3 −6 ± 4 2 ± 4 −1 ± 6 GFZ GFZ TUM TUM 18 ± 4 7± 4 7 ± 2 2 ± 2 7 ± 5 GFZ mean TUM mean −7 ± 17 6 ± 3 3 ± 4 2 ± 2 4 ± 6 normal equations and solving for a global parameter.
In the latter case, also the trend resulting from the scale drift of the reference frame would have to be considered. Therefore, the simple but robust method of estimating daily offsets with a subsequent derivation of the mean offset and trend was selected.
The daily offsets have a formal error of about 1.5 cm and the resulting mean offset and the offset trend estimated from the time series have errors of a few mm and mm/year, respectively, depending on the length of the time series. These formal errors are rather optimistic and do not reflect the accuracy as the comparison between the results of the two software packages and different estimation strategies shows (Table 5) . As known for a long time, the scale in the reference frame varies between solutions of the software packages (Altamimi et al., 2002 ) and this will also influence the differences in the estimated offsets.
For the individual satellites, the z-offset trends from the GFZ and TUM solutions are shown in Fig. 11 . The formal errors of the trends are in the range of 2-5 mm/year and the agreement between GFZ and TUM is in most cases at the level of 1 cm/year. Supposing that we have the same cause for the trend, e.g. IGb00, in all satellite offset series, it is of course much more stable (formal error of 0.1-0.2 mm/year) to derive a common trend for all satellites.
Before generating the final combined solution, the effect of the given PCVs -AC own or mean -on the offsets was tested. From Table 5 and Fig. 12 , it can be seen that the changes by switching from AC own to the mean PCVs is not significant, and the overall change of a few cm is within the noise level of the procedure. The larger scatter for the Block I satellites is caused by the fewer observations used. The overall difference between the mean solutions of GFZ and TUM, 4 cm and a scatter of 6 cm, demonstrate the high quality of the results (Table 5) .
The mean z-offsets for the different blocks are, as already known from the IGS standard for the relative antenna model (Rothacher and Mader, 2003) , rather different (Table 7) . Also within one block, the peakto-peak difference between individual satellites reaches (Table 6) .
There is especially a significant difference between the newer and the older Block IIR satellites (see Sect. 2.2) , similar to what we have seen for the corresponding PCVs. Therefore, mean block-specific values for the z-offsets cannot reasonably be defined, and thus we recommend the introduction of satellite-specific offsets. It can be assumed that those, in addition, absorb the differences between satellite-specific and block-specific PCVs to some extent, as PCOs and PCVs are tightly connected. Fig. 12 Satellite antenna z-offsets from GFZ and TUM for different PCV models and reference frames used. The TUM solution based on an internal reference frame is shifted by +20 cm. The formal offset error ranges from 2 to 6 mm
Comparison with NGA values
The National Geospatial-Intelligence Agency NGA (formerly NIMA) uses a set of satellite antenna PCOs that differs from the IGS conventional values. We cannot say anything definite about the origin of these values, but most likely they are the result of calibration measurements by the manufacturers on the ground. It is also unknown for which frequency they were measured. For Block II/IIA, only a block-specific mean offset is given, whereas for Block IIR satellite-specific values can be found on the NGA website (http://earthinfo.nga.mil/GandG/sathtml/).
If the mean block-specific z-offsets from the combined GFZ/TUM solution are compared with values from NGA and the IGS relative model (cf . Table 7) , enormous differences appear between the diverse satellite blocks, but particularly between the three models. The GFZ/TUM and the NGA models agree in the fact that the Block IIR-B satellites have the smallest z-offset of all existing GPS satellites. However, there is a very big difference as regards Block II/IIA and Block IIR-A: the Table 7) as well as the different ranges of values, a bias and a scale were allowed for in the representation of the two offset models. Except for SVN 45 and SVN 60, the agreement is almost perfect in consideration of the fact that the TUM estimates for the Block IIR offsets differed from the GFZ ones by 2-3 cm.
Influence on global GPS parameters
To study the influence of different antenna phase center corrections on global GPS parameters, four solutions covering the time interval from 1 January 1994 to 31 December 2004 were computed with completely identical settings, except for the PCVs and z-offsets used (Table 8 ).
The processing scheme is identical to the TUM strategy described in Sect. 2.3, except for three differences: (1) neither PCVs nor PCOs were estimated, (2) the scale was not fixed to IGb00 and (3) the hydrostatic isobaric mapping function was computed with ECMWF (European Centre for Medium-Range Weather Forecasts) z200 data (available at http://mars.hg. tuwien.ac.at/∼ecmwf1/Z200/).
The relative PCV model used by the IGS until November 2006 was introduced for solution A. Solution B uses an older absolute PCV solution by TUM with block-specific offsets. Solution C is based on the TUM contribution to the combined GFZ/TUM PCV solution labeled D. The latter solution is the only one taking into account the influence of several antenna/radome combinations.
Troposphere parameters
The comparison of common parameters derived by different space-geodetic techniques allows an assessment of the effects of different modeling approaches for technique-specific effects like antenna PCVs. The tropospheric zenith delays resulting from the GPS solutions A, B and C were compared to a VLBI solution computed by Deutsches Geodätisches Forschungsinstitut (DGFI, Tesmer et al., 2004) . Identical a priori zenith delays for each station together with the Niell (1996) mapping function were used, both for GPS and VLBI.
The theoretical difference in the tropospheric zenith delay due to the height difference between the GPS antenna and the VLBI telescope was corrected for with Saastamoinen (1973) model (accurate to 1 mm for height differences below about 20 m). The biases between GPS and VLBI for 24 co-located stations are shown in Fig. 15 . The largest mean bias (+5.3 ± 3.5 mm) occurs for relative PCVs (solution A); it can be reduced by more than a factor of two to −2.5 ± 3.2 mm by switching to absolute PCVs with block-specific z-offsets (solution B).
A further improvement can be achieved by introducing satellite-specific z-offsets (solution C): the bias can again be reduced by a factor of three to −0.8 ± 3.2 mm. The tropospheric zenith delay biases of the eight stations participating in the continuous 2-week CONT02 VLBI campaign (Thomas and MacMillan, 2003) show an astonishingly good agreement with the 11-year time series (see Thaller et al., 2006) . Remaining biases might be caused by changes in the antenna/radome constellation of the individual stations, by local multipath effects or by VLBI-related effects.
Global terrestrial scale
Scale offset and drift with respect to IGb00 of the four different global solutions are listed in Table 8 . The solution using relative PCVs (solution A) shows the wellknown large offset (1.20 ppb; cf. Altamimi et al., 2002) and also a large drift of 0.34 ppb/year caused by the erroneous standard offsets, especially for Block IIR, and the satellite constellation changing with time (Ge et al., 2005b) . Both values are reduced by a factor of about two for solution B with absolute PCVs and blockspecific z-offsets.
Solution C has the smallest scale offset as well as the smallest drift due to the fact that the same software package was used, both for the estimation of the PCVs and the computation of the global solution. The combined GFZ/TUM PCV set used for solution D causes a slightly larger offset and drift than in solution C, but the reduction of the scale offset compared to solution A by a factor of almost five is a significant improvement. The remaining scale drift of 0.15 ppb/year reflects the error of the IGb00 (0.8 mm/year) mentioned in Sect. 5.2.
Orbit parameters
An improved modeling of the satellite antenna phase center also affects the orbit quality. The root mean square (RMS) of a 3-day orbit fit through three 1-day orbital arcs was used to quantify the internal orbit consistency of the daily solutions. The mean RMS reduction within the 11-year time interval for each individual satellite when switching from relative PCVs (solution A) to absolute PCVs with block-specific (solution B) or satellite-specific z-offsets (solution D) is shown in Fig. 16 .
The Block IIR satellites, especially the Block IIR-B satellites, show the largest improvement in orbit consistency as they possess the largest PCV values (cf. Fig. 9 ). Due to the fact that no distinction was made between Block IIR-A and Block IIR-B for solution B, the improvement for the Block IIR-B satellites mainly shows up when comparing the solutions A and D (Fig. 16) . In the comparison of the solutions A and B, the two Block II satellites with the largest z-offsets (SVN 14 and SVN 19) show a degradation of the RMS and for two Block IIA satellites with also large z-offsets (SVN 23 and SVN 36) the RMS does not change. By additionally taking into account the z-offset variations within the different satellite blocks, the RMS reduction improves by a factor of about two for Block II/IIA and by a factor of 1.4 for Block IIR-A, emphasizing the importance of considering individual z-offsets.
Station coordinates
The mean coordinate changes between the solutions A and D for the whole 11-year time interval are shown in Fig. 17 . Systematic effects due to different reference frame realizations of the two solutions were removed by a three-parameter similarity transformation (translations only). The changes in the horizontal component range from −8 to +6 mm for the north and from −5 to +5 mm for the east component.
A major part of these changes might be caused by considering azimuth-dependent receiver antenna PCVs for solution D that are neglected in solution A. The Fig. 17 Histograms of the mean coordinate changes between the solutions with relative (solution A) and absolute PCVs (solution D). Geocenter differences were removed by a three-parameter similarity transformation large mean change in the height component of +6 mm is primarily related to the scale difference between the two solutions (offset on 1 January 2000: 0.95 ppb, drift: 0.19 ppb/year). The spectrum of changes in the station height ranging from −7 to +18 mm is much broader than for the horizontal components. Especially some stations with calibrated radomes show large height changes.
To study the influence of radomes in more detail, an additional solution was computed which is identical to solution D, but neglects the radome calibrations. The largest differences with up to ±10 mm occur in the height component. The horizontal component also changes by up to ±8 mm for some stations. Stations equipped with the Trimble antenna TRM29659.00 and the UNAVCO radome UNAV show differences of about 5 mm in the north component and 6-8 mm in the east component.
A part of these changes is caused by deficiencies in the calibration procedure for the antenna with radome: whereas for the antenna without radome a robot calibration including zenith-and azimuth-dependent corrections is available, the values for the antenna with radome are converted from relative field calibration results including zenith-dependent corrections only. The neglect of the azimuth-dependence of the PCVs in combination with the effect of the radome are the reasons for the significant horizontal as well as vertical (about 10 mm) displacement of the stations using this antenna.
For the Ashtech antenna ASH700936C_M with SNOW radome, both calibrations (with and without radome) are available with zenith-and azimuth-dependent corrections. As stations using this antenna show a shift of about 5 mm in the east component, one can conclude that the SNOW radome has a significant azimuthdependent influence. Since the number of calibrated antenna/radome combinations in our network is small (calibration available for only 20 out of 92 radome stations), the mean coordinate changes are rather small: 0.25 mm for the north, −0.04 mm for the east and 0.68 mm for the up component.
Outlook
For the definition of the GPS satellite antenna parameters within the new absolute IGS antenna model named igs05_wwww.atx (available at ftp://igscb.jpl. nasa.gov/igscb/station/general/), the results from GFZ and TUM were taken to form the mean values the new model is based upon. Both ACs, together with other IGS ACs, will monitor the satellite antenna models on a regular basis. As soon as significant changes will be detected, an update of the IGS antenna model will be considered.
Especially important is the determination of antenna parameters for newly launched satellites. Their estimated antenna parameters over a few days or weeks will be tested against already existing ones. If its PCVs fit to one of the existing groups, only a z-offset will be derived based on the block-specific PCV values. Otherwise, a new group will have to be defined. Until the release of new official values, the users have to apply block mean values. This paper only describes the generation of the antenna models for the GPS satellites. In the meantime, the Center for Orbit Determination in Europe (CODE) reprocessed about 15 months of data to derive consistent corrections for the GLONASS (and GPS) satellites on the basis of a combined GPS/GLONASS analysis (Schmid, 2006) . Since the absolute antenna model consisted of correction values for all active GNSS satellites, it was ready for the adoption as the new standard by the IGS.
A similar procedure will be necessary for the upcoming Galileo system. Even if the Galileo provider will calibrate the satellite antennas before launch, experience with GPS has shown that those values have to be confirmed by in-orbit analysis results and possibly adapted to the estimated models.
Furthermore, it is desirable that azimuth-dependent satellite antenna PCVs are analyzed in more detail together with the corresponding x-and y-offsets. The single elements each GPS satellite antenna consists of can clearly be identified depending on the azimuthal direction (Schmid et al., 2005b) . If additional ACs would generate such results, they could be combined with the JPL maps (Haines et al., 2004) in order to get a new IGS standard. First investigations have shown that station coordinates may be changed by 1-2 mm in global solutions and that the quality of GPS orbits could be improved by about half a mm, if azimuthal PCVs were considered.
As the latter numbers are rather small, there seems to be more need for action on the part of the receiver antenna. On the one hand, of course, each new antenna type has to be calibrated before use within the IGS network, but on the other hand there are also a lot of combinations of antenna and radome pairs in use that were not calibrated until now. In these cases, the calibration for the antenna without a radome is used. The conversion of relative field calibrations (see Sect. 2.1) that are limited to elevation dependence and that cannot provide PCVs below 10 • elevation is another suboptimal, temporary solution.
This means that there is still a big demand for receiver antenna calibrations, also for antennas that are removed from reference frame stations to allow for an improved reprocessing. All future calibrations should be performed in an absolute way in order to get full models, either by the calibration robot from Hannover (Menge, 2003) or, maybe, by an automated chamber calibration the University of Bonn is working on (Görres et al., 2006) . The best would be, however, to avoid radomes wherever possible and to reduce the number of different antenna types within the IGS network.
The IGS switched to the new absolute antenna phase center model simultaneously with the switch to an IGS realization of the new international terrestrial reference frame ITRF2005 (http://itrf.ensg.ign.fr/; Altamimi et al., 2007) on 5 November 2006 (Gendt, 2006) . As a consequence, a discontinuity was observed in all IGS product time series.
However, this discontinuity will be rectified by the complete reanalysis of all historic GPS data planned within the IGS (Steigenberger et al., 2007) . In any case, users should avoid mixing results from solutions using different phase center conventions. Needless to say that the four constituents of the model, namely the PCOs and the PCVs for the receiver as well as the satellite antennas, should only be used consistently.
